INTRODUCTION
A wheelchair mounted robotic arm can enhance the manipulation functions of people with disabilities. To better understand the effectiveness of a robotic arm, it must be analyzed with respect to its kinematics and the workspace in which it operates. Data from the US Census Bureau Statistical Brief of 1993 showed that over 34 million Americans had difficulty performing functional activities [1] . The primary focus of Rehabilitation Engineering [2] and robotics is to increase the quality of life of individuals through increasing functional independence and decreasing the costs associated with the assistance required by the individual. In the case of spinal injury or dysfunction, robotic arm aids are most appropriate for individuals with spinal deficiencies ranging from cervical spine vertebrae [3] through cervical spine vertebrae [4] . Individuals that require mobility assist devices such as a power wheelchair can benefit from various robotic devices because the power wheelchair provides a platform with which to mount the device as well as a power supply, using the wheelchair's batteries.
There are several designs of workstation-based robotic arm systems such as Handy-1 [5] , which is a 5 DOF robotic arm mounted to a non-powered wheeled base to assist in very specific activities of daily living (ADL) such as eating, drinking, and make-up application. In the feeding mode the operator controls the robot through an interface that uses lights which move across the available food trays, and a button that selects the item desired. An advancement of the technology of Handy-1 is being explored with the Robotic Aid to Independent Living [6] (RAIL) project. RAIL improves upon the Handy-1 design by incorporating a new controller for better manipulator control, a 3D simulation tool for modeling virtual scenarios and attachment of sensors to assist set up and position error determination. The ProVAR [8] is a system designed to operate in a vocational environment using a web-based virtual environment to model the functionality of the manipulator. In this way the operator can examine potential arm movements for a given task, and if the simulation is successful, the action can be initiated.
WMRA combines the idea of a workstation and a mobilebase robot to mount a manipulator arm onto a power wheelchair. The most important design consideration of where to mount a robotic arm in a power wheelchair is the safety of the operator [9] . WMRA can be mounted in the front, side or rear of the wheelchair [10] . There have been several attempts in the past to create commercially-viable wheelchair mounted robotic arms, including the two commercial WMRAs available, the Manus and the Raptor.
The Manus utilizes a front mounting location to the left of the operator's left knee, which makes the manipulator arm obtrusive [11] . The Manus manipulator is controlled by a joystick and a keypad. The joystick is used to manually operate the manipulator, and the 16-button keypad can be used to perform coordinated control of multiple joints with preprogrammed gestures that can be taught to the Manus and stored for future use. A closed loop system is used to allow further integration of the arm into more complicated and intelligent systems which can assist the operator.
Another production of WMRA is the Raptor, which mounts to the right side of the wheelchair. This increases the width of the power wheelchair and makes it more difficult for the operator to maneuver through doorways and tight hallways [7] . This manipulator has four degrees of freedom and a planar gripper. The arm is directly controlled by the user by either a joystick or 10-button controller. Because the Raptor does not have encoders to provide feedback to the controller, the manipulator cannot be pre-programmed in the fashion of industrial robots. An open loop controller places a human directly in the loop of controlling the arm. The operator continuously directs the arm one joint at a time into its final position, which requires higher levels of concentration and eyehand coordination from the operator.
The focus of this paper is to analyze and evaluate WMRAs and develop an analytical procedure to systematically study the effectiveness of WMRAs. The procedure is executed and the manipulator is then evaluated using criteria specific to rehabilitation applications. Design recommendations are stated to better fulfill the specific needs of a rehabilitation robotic manipulator.
KINEMATIC ANALYSIS
A workspace has been chosen which reflects specific requirements of individuals with disabilities [12] . Horizontal planes (x-y) were chosen with respect to the floor as the vertical axis z = 0. The origin of the usercoordinate system is 31.8" above the floor and all values given are referenced above the floor. A value of 2" above a given plane was required in order to give room for the manipulator to reach an object. The value in parenthesis is the z-axis height with respect to the user coordinate system (farthest forward-most point between the armrests) can be seen in Figure 1 , and they are as follows: Small objects on the floor: 2" (-29.8"), Larger light objects on the floor: 9" (-22.8"), Height of electric socket: 18" (-13.8"), Low coffee The distances in the x axis of the user coordinate system (farthest forward-most point between the armrests) can be seen in Figure 2 . Starting from the farthest point and working toward the operator is described as follows: 2" in front of the footrest of the power wheelchair 27.54" (This is the primary reference x-z plane), 14.04" in front of the operator (This is 13.5" behind the first x-z plane), 6 .75" in front of the operator (This is half the distance of the 13.5" grid), 0.54" is front of the operator (This is 13.5" behind the second x-z plane), The x-z plane at the origin of the user reference plane, The x-z plane that reflects the mouth of the operator (4" behind the origin).
To create the individual points, a third plane (x-z) is defined. The plane located at the origin separates the chair into two lateral halves and is shown in Figure 2 . The wheelchair used for the analysis is 27" wide including the width of the drive wheels. The y axis in the user frame of reference is positive moving from the body to the right hand extended out along the arm, these planes are: The plane intersecting the origin, 13.5" from the origin toward the mounted arm, 23.5" from the origin toward the mounted arm (10" from the outermost edge of the wheels). The Denavit-Hartenberg (D-H) parameters [13] are a method of analyzing robotic manipulators that was first introduced in 1955. Each joint angle is analyzed separately with links separating each joint. When analyzing a joint of n dimensions, the joint is broken into n joints with one degree of freedom connected to (n-1) links. Within the nomenclature variable i refer to the link number. Figure 3 shows the relationships between link number (i), link length (a i-1), link twist (α ι−1), link offset (di), and joint angle (θi). The link transformation equation relates all of the D-H parameters together can be written as: 
Which must be less than or equal to unity. In the case being analyzed the manipulability ellipsoid will have three axes as shown in Figure 4 . In the special case where all the ellipsoid axes are equal, the ellipsoid will actually be spherical, where the end effector can move in any direction with the same maximum velocity. The larger the size of the ellipsoid the faster the end effector can move. One possible method of analysis is to determine the volume of the ellipsoid. This is computationally straight forward and is defined as follows:
The value of Cm is constant when m is fixed, which is the case when m = 3. In this case, we can see that the volume of the ellipsoid is proportional to the value of w. We refer to w as the manipulability measure, which has specific properties that allow us to define it readily from the Jacobian and known joint angles. First in the broadest sense the manipulability measure shown is defined as:
For our specific case, the manipulator is non-redundant, the previous equation reduces to:
This shows that at a singular configuration, the value of w approaches or equals to zero. Hence the value of the manipulability measure, which is the volume of the manipulability ellipsoid, will be equal to the determinate of the Jacobian.
PROCEDURE FOR ANALYSIS
Solid Works is used to determine the joint angles of each robot arm in order to find the manipulability measure and to verify it within the solid model. The Jacobian matrix is derived from the 1x3 positional matrix within the final transformation matrix of the arm. The transformation matrix is created through the Judicious application of the D-H parameters using the appropriate formulae.
The reverse kinematics of the robotic arms was determined with a program in MatLAB to determine the joint angles of the robotic arm for a given point in 3-D space. The program uses the Jacobian matrix in a numerical methods approach subdividing the positional difference from the start position of the gripper and the desired goal position into several discrete goals. These discrete goal positions were entered sequentially into the Jacobian. The output of the Jacobian is a matrix containing the incremental change of joint angles required to obtain the new position. The joint angle change is added to the previous joint angle and this new value is input into the forward kinematics of the transformation matrix. The actual position is compared to the desired discrete position and if it is below an error value than the next position is computed. If the error is too great the final error position is subtracted from the desired position and recomputed into the Jacobian and the process repeats the loop. In the inverse kinematic solution there are four subroutines along with the main program. The subroutines are called by the main program to execute additional steps.
In order to create a procedure for the kinematic analysis of WMRAs it is necessary to separate the process into a series of steps as follows: After creating a D-H parameter table and transformation matrices for the manipulator to be measured, link transformations for the manipulator are calculated, and hence, the Jacobian matrix is developed. Then, the manipulator and a generic power wheelchair were modeled in Solid Works so that angle and joint relationships can be shown graphically. A series of points (grids) surrounding the wheelchair / arm assembly are specified according to specific applications in rehabilitation engineering. A computer program is created using numerical methods approach to determine the joint angles of the arm for a given point in the workspace. The joint angles are then used to determine the manipulability of the arm for the given point. The normalized manipulability measures for each arm is being plotted and compare to verify that the joint angle provided by the inverse kinematics program correspond to positions in the model space. Figure 5 below shows the frames of reference for the power wheelchair and the Manus in its fully lowered position. The D-H Parameters for the Manus with 3 DOF are outlined in Table 1 . From these parameters, each respective frame transformation is calculated. The transformation matrix which relates: T1wrt0: frame 1 to frame 0, T2wrt1: frame 2 to frame 1, T3wrt2: frame 3 to frame 2, TGwrt3: frame G (the frame of the gripper) to frame 3, and T0wrtU: frame 0 to the user frame U. These transformation matrices are multiplied together to give the final transform relating the end gripper position with respect to the user frame as follows: TGwrtU = T0wrtU*T1wrt0*T2wrt1*T3wrt2*TGwrt3 The position vector is the first three rows of column 4 of the final transformational matrix (forward kinematic matrix). When the three joint angles are computed, the result is the position of the gripper in space with respect to the user frame {U}. From the forward kinematic matrix, we can compute the Jacobian Matrix of the Manus, which is the partial derivative of the positional matrix.
MANUS ANALYSIS RESULTS AND DISCUSSION
Values for the manipulability measure are plotted in both horizontal and vertical planes. The grid density in the analyzed workspace is greater in the z axis, which gives a greater number of points with which to observe trends and changes of the manipulability measure. In order for a point in the workspace to be defined as accessible, it must have a manipulability measure of at least 100. The maximum value of the manipulability measure in the data set was 7084.4 at point [-4, -6.75, 13.5]. A method for representing the relative value of the manipulability measure and a qualitative determination are shown in Figure 6 . The size and color of the spheres are used to represent the manipulability measure as a percentage of the maximum manipulability measure computed. Figure 7 shows the manipulability measures of the Manus for vertical planes within the defined workspace. The Manus arm offered very good access to low cabinets and shelves in front of and to the far left corner of the workspace that has been defined. In Figure 7a , manipulability measure remained very good throughout the z-axis in this far left corner of the operator's workspace. A significant limitation was the very limited ability to grab objects from the floor directly in front of the operator's feet. The area of highest agility would be at least partially obscured by the robot base.
As the y-z plane approaches the manipulator base, a singularity creates a limitation of movement near the first rotational axis as shown in Figure 7b , and the manipulability measure becomes very low at the line of data points that satisfy y = 13.5" and y-z plane x = 14.04". With the threshold that was used for the program, these points were defined as unobtainable. The Manus arm as shown in Figure 7c has very good access to objects along the side of the chair at the vertical plane of x = 6.75". The only limitation to this side reach is approaching low objects on the floor. It should also be noted that the effect of the singularity has not been completely eliminated. At the vertical line on the y-z plane at y = 13.5, the manipulability measure is very low from coffee table (z= -5.82") to kitchen countertop (z = 6.18").
Access to high shelves and counters increased as the operator approached them from the left side. Values of the manipulability measure in Figure 7d were near optimum for reaching objects when the operator aligned the goal parallel to the seat of the chair at the y-z plane of x = 0.54". Access to the mouth was at maximum values and actually increased as the arm moved past the mouth position [-4, 0, 13.5] in Figure 7e toward the opposite side of the chair. The arm has very good access to the area directly in front of the chest of the operator. It is interesting to note that the Manus arm is capable of reaching across the centerline of the wheelchair to manipulate objects. In fact, in regions directly around the operator, the manipulability Figure 7f . These values were determined through discrete analysis and are not necessarily a global maximum. The measure is increasing, moving from x = 0 through x = -4 to x = -6.75, where the last data point was on the z = 13.5" height. The Manus has excellent manipulability measures at the vertical plane (x = -4") at or near the height of the mouth (z = 13.5" to 16.5") of the operator. The Manus provides excellent manipulator use when feeding and completing tasks that are at or about the mouth of the operator. Approaching the analysis from horizontal slices better fit the requirements for designing a manipulator as an assistive device. Most objects rest on horizontal surfaces that have standard heights above ground level. Starting at the top or highest defined plane, Figure 8a shows that for access to low kitchen cabinet shelves, the Manus has very good manipulability measures directly to the front and to the side of the chair. The overall average of normalized manipulability is good at 0.53. The closer the goal is to the first rotational axis, the lower the manipulability measure will be. This remains constant throughout all of the horizontal planes.
In Figure 8b , the horizontal plane of a light switch (z=18.2") can be seen. When attempting to operate a light switch, the optimum approach is from the side because the n value directly to the side of the operator is excellent (0.83). The manipulability measure is still very good in the far front of the operator and to the far left corner of the workspace. The average n-value for this plane is good at 0.53.
At the kitchen countertop level, Figure 8c , the manipulator's effectiveness drops significantly. This is due in part to the plane being observed having very little vertical separation from the plane that the first link rotates along. This would make the manipulability measure reach low values in the horizontal plane of z = 1.74". Because the planes of the countertop (z = 6.16" Figure 8c ) and desktop / door handle (z = -0.8" Figure 8d ) are close to this plane, they have very similar values for the manipulability measure. The average n-value for the plane is good at 0.42. The highest n-value on this plane is to the left of the operator. Accessibility of objects within the workspace are best when attempted close to the operator, such as at x = 0.54 compared to any other y-z plane.
The Manus arm manipulability at the height of a table or door knob is shown in Figure 8d . At this plane the interior regions of the plane have very limited accessibility. At the outer corners of the workspace the arm has good or better access to objects with the maximum manipulability, for this plane, to the left of the operator. The average n-value for the plane is 0.41 and is the poorest average plane value with the exception of lowest plane. This plane is marginally good on the qualitative scale.
Manus arm at the height of a coffee table is shown in Figure 8e . Access to an object to the side of the operator is good and has its highest value of n (0.79) left of the operator's hand (0.54, 23.5, -5.82). The average n-value for this plane is good at 0.44. The arm has lower accessibility near the centerline of the wheelchair (y = 0) compared with the outer edge of the workspace (y = 23.5).
Closer to the ground, the measure begins to rise and access to an electric socket (z = -13.8" in Figure 8f ) is excellent to the side of the chair and still very high in front of the wheelchair. It can be noted here that this is the lowest plane that still has good or better qualitative rating. The average n-value for this plane is good at 0.52 but the range of manipulability measures within this plane is larger than other planes. The lowest reachable nvalue is 0.27 and the highest is 0.83. Figure 8g shows that accessibility of tall objects on the ground is very good directly to the front of and to the sides of the wheelchair. Reaching this plane is best from the side of the wheelchair with the average value along the right side of the plane being 0.62. Overall, the plane has a good average n-value of 0.50.
Objects low to the ground, shown in Figure 8h , are at the lower limit of the reach of the Manus manipulator. The arm is not capable of reaching objects in the far corners of the workspace on the horizontal plane at z = -29.8". The average nvalue for all the points on the plane is 0.10. This means that the manipulator has very limited access to the plane. It is interesting to note that regions where the arm traditionally has lower manipulability measures are the areas that have the highest measures at z = -29.8". These zones are the vertical lines that share the points (27.54, 13.5, z) and (14.04, 23.5, z).
A summary of effectiveness in reaching areas common to activities of daily living (ADL) is shown in Table 2 . The qualitative assessment is based on the average of the normalized manipulability measure of all possible wheelchair orientations possible to accomplish the task. Six possible qualitative assessments could be given for each task. For example, an object can be picked off the ground from in front of the wheelchair as well as along the side. The average of all the recorded values for the normalized manipulability measure (n) along the entire perimeter of the wheelchair at the plane of the specific activity of daily living is shown in the second column of Table 2 . Each row involved only one horizontal plane except for picking up objects on the ground and access to mouth. For the ADL "Pickup off Ground" the average value for the perimeter of the chair was taken for the two lowest planes (z = -22.8" and z = -29.8"). The ADL "Access to mouth" took the average of three points on two vertical planes x = 0" and x = -4". Because head position may not be perfectly in the centerline of the wheelchair points, y = 4", 0", -4" were averaged at both head heights (z = 13.5" and z = 16.5").
The Manus manipulator provided excellent (0.81) access to the mouth of the operator. The ability to do tasks above the kitchen countertop height such as reach a light switch and reach a low kitchen shelf was very good. Reaching from the side of the operator would yield the highest manipulability measures from the arm. Access to a coffee table and the operator's lap were close to very good and had a qualitative rating of good (0.57). The ability to reach a doorknob and a kitchen countertop were both good (0.53 and 0.54 respectively). Finally, the lowest value for the activities listed in Table 2 was reaching the floor. Access to the floor was limited with a value of 0.33. Figure 9 represents the Raptor mounted to a generic power wheelchair along with the corresponding frames of reference (frames 0 to G). Table 3 shows the D-H parameter table for  the  Raptor  with  3DOF . From this table, transformation matrix is created the same way as in the case of MANUS. There is also a row for the fourth link that connects the gripper to the third joint, and it is purely a translational relation, so the coordinate system for the third joint and the gripper have the same orientation. With the Raptor manipulator mounted securely, a significant amount (1" -2") of play could be felt at the end effector. The same procedure is used in the case of RAPTOR to find the transformation matrix of each link, and then find the final transformation matrix. From the forward kinematic matrix, we can compute the Jacobian Matrix of the Raptor, which is the partial derivative of the positional matrix. Figure 10 shows the manipulability measures for the Raptor arm as mounted on the Arrow Storm Series power wheelchair. After all data points were collected, the maximum manipulability measure for the Raptor was found to be 9121.0 at the point [-4,-3.5,16.5]. As shown in Figure 10a , the Raptor is incapable of reaching objects on a high shelf. At this distance of 27.54" in front of the user frame, operating a light switch is only possible when directly in line with the plane of the first link's rotation (x-z plane where y = -13.5"), which also is the plane that has maximum manipulability measure values. The Raptor has very good manipulability from the ground to the height of a low coffee table (z = -5.82") and still has good manipulability at the height of a standard table (z = -0.8"). At this distance from the user frame, the arm is not capable of reaching objects on a low shelf (z = 24.18). A light switch can only be manipulated directly along a lateral line of y = -13.5".
RAPTOR ANALYSIS RESULTS AND DISCUSSION
From Figure 10b , it can be seen that the ability of the Raptor manipulator to reach low kitchen cabinet shelves is very limited. At this distance (x = 14.04") the operator would have to position his/her feet approximately 20" under a countertop. This is not possible with some kitchen designs [2] . At this distance, accessibility of objects on tables and countertops is excellent from the front. Access to all levels except for the low shelf is very good from the side.
At the y-z plane where x = 6.75", shown in Figure 10c , the Raptor is finally able to reach objects on low shelves with more than a minimal value. The ability to reach objects to the side of the chair begins to drop off, although it still can reach the ground with a good manipulability measure. Access to the side at this plane is good but all eight horizontal planes can be reached at this distance from the operator. This is the only vertical plane that offers this ability to reach all horizontal planes with the Raptor. In order to gain the highest manipulability measure in the low cabinets, the operator will have to approach the cabinet shelf from the side. This y-z plane is represented in Figure 10d . The measure at this point is only moderate but this is the highest value available. Access to objects lower than a kitchen counter begins to diminish due to a singularity of the arm at the height of an electric socket (z = -13.8").
The Raptor has its highest manipulability measure at the point [0,-13.5, 16.5] which is shown in Figure 10e . The ability to manipulate objects is excellent toward the operator's right side but rapidly diminishes once the centerline of the arm is reached. Objects slightly above the lap of the operator have a limited manipulability measure. The manipulator is unable to access an object to the left of the centerline (y = 0) of the wheelchair. Figures 10e,f show that the manipulability measure is very high toward the outer edge of the defined workspace to both heights (z = 13.5" and z = 16.5") and is still very good at the operator's mouth.
Starting from the plane of a low kitchen shelf, Figure 11a shows that the Raptor is able to reach objects from the side of the wheelchair directly to the right of the operator. Although these points can be reached, the access to them is minimal. The average n-value of the horizontal plane is very limited at 0.12.
At the level of a wall-mounted light switch, the manipulability measure increases compared to the highest plane. The gripper is able to reach a light switch both from directly in front of the arm and to the side of the chair. Access to objects to the side of the operator is good. This would be the preferred wheelchair orientation when attempting to actuate a light switch. Figure 11b shows that access to the light switch directly in front of the arm is limited, while along the side of the chair the manipulability measures are very good. The average n-value for this plane is good at 0.48.
At kitchen countertop level, the Raptor has very good to excellent access to the sides of the chair, while access to the front of the chair is moderate as shown in Figure 11c . At this point, the gripper is unable to reach directly in front of the operator. Access to objects to the side of the wheelchair is very good to excellent. This is the highest plane that the manipulator can reach an object in the far right corner of the workspace. Overall the plane has the highest average manipulability measures of all the horizontal planes analyzed at 0.64 with a very good qualitative assessment. This is the maximum average n-value for any horizontal plane.
The Raptor is able to reach objects directly in front of the operator at the height of a standard table as shown in Figure  11d . At this elevation and below, the manipulator has limited access to objects directly in front of the operator and the manipulator is able to access all twelve points in the workspace. This is the only plane above the seat of the wheelchair that this occurs. To open a door, the operator would have a greatest chance for success by approaching the door directly in front of the manipulator (y = -13.5"). The average n value for this plane is good at 0.55. Manipulability is at its highest level on this plane at x = 27.54 and decreases steadily as you approach x = 0.54 except for the x-z plane at y = 0.
At the height of a coffee table (Figure 11e ), access to all points in front of the operator is good to excellent. The ability to reach objects to the side of the operator continues to decrease. The average n-value of the plane is good at 0.44.
From Figure 11f , access to objects to the side of the chair is at its lowest point value at z = -13.8". This is due primarily to the link geometry, the first link is 27" long and the second is 17.5" long, their difference of 9.5" means that the Raptor is incapable reaching objects that are closer than 9.5" to the frame 0 [-6.26, -13.5, -16.18]. The average n-value (0.36) for this plane is limited which is the lowest of all the horizontal planes evaluated.
Near the ground, the manipulability measure does not change significantly for high and low objects on the floor (Figure 11g,h ). Low objects on the floor can be accessed from the front as well as the side of the chair. Along the side of the wheelchair, the manipulability measure drops the farther back the object is and objects directly to the right of the operator is very limited. The average n-value for this plane is limited at 0.39. An interesting note is that there is an apparent horizontal line of symmetry approximately between z = -22.8" and z = -5.82". The true plane of symmetry would be the horizontal plane that the first rotational axis rests (z = -16.18). The average n-value for this plane is good at 0.50 with the highest point within the workspace is at (27.54, -13.5). Table 4 . This table shows the task, the average manipulability measure of all possible wheelchair orientations that could achieve the task, and the qualitative assessment.
Overall, the average normalized manipulability measure (n) for all the eight tasks in Table 4 is good (0.44). For the tasks that involved reaching onto planes lower than a kitchen countertop oriented from the front or side, the Raptor was close to very good on the qualitative scale (0.54 ~ 0.59). Access to the lap of the operator was limited (0.31) and the values diminished as the goal moved closer to the operator. Additionally, the inability of the gripper to reach areas to the opposite of the centerline of the wheelchair limited the effectiveness of the arm in the operator's lap. Reaching a light switch had limited access (0.35). This was due to the low normalized manipulability measures in front of the wheelchair. Access to the side of the operator was very good and as long as this wheelchair orientation was possible, the qualitative accessibility would be very good (0.62). The area least able to be reached is a low kitchen shelf. The Raptor has very limited access and was only able to reach the shelf in two of the six possible outer perimeter data points.
CONCLUSIONS AND RECOMMENDATIONS
There has been significant progress in bringing commercially-viable WMRAs into the marketplace in the past 30 years. Of these devices, the Manus arm has seen the most development, though mostly in Europe. There is still much progress to be made in order to minimize user effort and reduce operator fatigue. Over the operational life of WMRAs they are cost-effective yet their high initial cost has been a prohibitive barrier for many users.
Link lengths need to be kept as short as possible to reduce dynamic loads. While longer links allow for greater values of manipulability measure, they require greater encoder precision to achieve the same level of precision as a shorter link. Mounting the arm closer to the ground biases the arm's ability to manipulating objects close to the ground, desks and countertops. While a rear mount would solve the problems of increased chair width and visual obstruction, it can cause further difficulties with link geometries.
While Raptor design is very good at manipulating objects in front of the wheelchair, it was challenged to reach into the lower cabinet at almost any orientation. The Raptor link geometries could be slightly modified to allow access to low cabinets and provide better access across the centerline of the wheelchair.
The mounting location of the Manus allowed for excellent access to low shelves and desks but suffered from internal singularities which limited its ability to manipulate objects close to its base. Often the start point of the arm had to be changed several times in order for the gripper frame to reach the goal.
Future work includes both software and hardware-based methods to further the work done in this paper. The software development would further the inverse kinematic program, and the hardware advancement would create virtual manipulators using track mount and modular links. These hardware models would use both the Manus and Raptor as a baseline for comparison. A better study of the entire workspace would be achieved with a denser map of the manipulability measures. For each arm, the smallest grid analyzed was 6.21" by 10" by 5.02" with a total number of 131 data points.
Although only given a cursory look in this paper, the use of modular links and joints in a reconfigurable design would make a WMRA more versatile so that it could be used in a variety of applications. This flexibility would allow a production arm to fill more niches and increase the number of unit sales, further decreasing unit cost and increasing availability of the unit. Controller design is a vital consideration when designing a complete robotic manipulator system. The greatest gains for robotic manipulators in rehabilitation applications will come from advanced controllers that are easily programmed and operated.
